We performed an experiment to study the thermal stability of metal on graphene. We show that Fe, Gd, Dy, and Eu on graphene exhibit island growth morphology. The 3D islands of Fe, Gd, and Dy show a small decrease in island density and an increase in the height/width aspect ratio upon thermal annealing. By contrast, coarsening of Eu islands to a close flat film is observed after annealing to 365 K. By investigating the fundamental interactions (i.e., adsorption energies and diffusion barriers) between the metal adatoms and graphene using ab initio calculations, we predict that most of the 3d and group 10 transition metals, noble metals, as well as rare earth metals on graphene should exhibit a 3D growth mode as observed in experiment. Most of the metal nanostructures on graphene should also be stable against aggregation. The 3D morphology and strong thermal stability of Fe, Co, Ni, Pt, and Gd islands on graphene can serve as good candidates for surface-supported catalysis applications. [2] [3] [4] [5] [6] [7] [8] [9] Enhanced electrocatalytic activity of Pt, Pd, and PdRu nanoparticles on graphene has been reported by several experimental groups. [2] [3] [4] [5] [6] [7] It has also been shown that Pt nanoparticles on graphene are very stable against aggregation among them or against desorption from the graphene substrate. Nevertheless, the mechanism underlying the enhanced catalytic activity and durability of the metal nanostructures on graphene is still not well understood. Since in general three-dimensional (3D) metal nanostructures with high density and high thermal stability against coarsening and desorption are desirable for surface-supported catalysis applications, knowledge of the growth morphology and thermal stability for metal nanostructures on graphene would be an essential step towards a fundamental understanding of their catalytic performance.
In this Rapid Communication, we have performed a scanning tunneling microscopy (STM) experiment to study the growth morphology and thermal stability of nanoscale metal islands on graphene. Using first-principles calculations, we also systematically examined the adsorption properties of 3d transition metals, group 10 transition metals, noble metals, as well as rare earth metals on graphene. We show that the growth morphology and stability of the metal nanostructures on graphene is strongly related to the basic energy landscape (i.e., adsorption energy and diffusion barriers) between the metal adatoms and graphene. We predict that some of these metals exhibit growth morphology and thermal stability that meet the requirements for good supported catalysis applications, [7] [8] [9] [10] consistent with experiment.
In our experiments, several metals (Fe, Gd, Dy, and Eu) were initially deposited at room temperature (RT) on graphene prepared by thermal annealing of SiC. [11] [12] [13] [14] [15] After characterization of the growth, the metal islands were annealed to a higher temperature. The island morphologies before and after annealing measured by STM are compared. Figure 1(a) shows the Fe island morphology at a coverage of θ = 3.0 monolayers (ML), and RT deposition with a flux of F = 0.25 ML/min. The island density is N = 5.1 × 10 −3 islands/nm 2 after RT deposition, as seen in Fig. 1(a) . Annealing at 660 K for 20 min, as shown in Fig. 1(a) , changes the island density by less than 10%, and the shapes of individual islands change due to equilibration, as shown in Fig. 1(b) . In particular, the islands grow in height, as seen from the one-dimensional (1D) line scan of the islands before and after annealing, as shown in Fig. 2(a) . This is a unique feature of metal growth on graphene and is a very useful result for potential catalytic applications. For Gd growth on graphnene, fractal-like morphology is observed with RT deposition even at a high coverage of 4.0 ML, as shown in Fig. 1(c) . The fractal-like morphology is stable up to 800 K, but a transition to crystalline shape occurs at higher annealing temperatures. This is shown in Fig. 1(d) where the film shown in Fig. 1 (c) was annealed at 1020 K for a short time (5 min). The island height histograms indicate that the islands also grow in height after annealing but the island density is similar (within 10%) before and after annealing. The larger relative increase in height versus size upon annealing can be seen from the 1D line scan shown in Fig. 2(b) . The growth of Dy on graphene is somewhat different from Fe and Gd on graphene. Here, 2.0 ML of Dy deposited on graphene at RT with F = 0.22 ML min −1 results in an island density of N = 6 × 10 −3 islands/nm 2 , as shown in Fig. 1 (e). Annealing to 580 K transforms the multiple level islands (with height ranging from four to seven Dy layers) into more uniform height (with heights predominantly six and seven) islands and some Fractal morphology is stable up to 800 K, but a transition to crystalline shape occurs at higher temperatures, as shown in (d), where a previous film was annealed at 1020 K for 5 min. (e) 2.0 ML of Dy deposited on graphene at RT: image area 100 × 100 nm 2 , F = 0.22 ML min −1 , island density N = 6 × 10 −3 islands/nm 2 . (f) Annealing of (e) to 580 K transforms multiple level islands with four to seven Dy layers exposed into more uniform height shaped islands and some of them coalesce, indicating a lower thermal stability of Dy nanoparticles on graphene, as compared with Fe and Gd. Fig. 1 for three of the metals Fe, Gd, Dy. One line (dashed black) is for RT and the other (solid red) is after annealing to the higher temperature. The aspect ratio (height/width) increases with annealing, which will enhance the fraction of low coordination sites and the catalytic activity with increasing temperature. Both height and width grow but the height increase is larger than the width increase.
size (higher aspect ratios) upon annealing, but also show that the islands form more uniform height islands after annealing. Dy is the metal with the least changed aspect ratio, as seen in Fig. 2(c) , and the islands always have nonuniform tops before and after annealing, indicating unusual nucleation sites when the Dy islands nucleate initially. By contrast, our experiment shows that the growth morphology of Eu on graphene is very different from that of Fe, Gd, and Dy. Here, 2.6 ML of Eu deposited on graphene at RT with F = 0.16 ML/min exhibits connected, large islands without gaps, as shown in Fig. 1(g) . Annealing of the Eu film from Fig. 1(g) at 365 K for 15 min transforms the large islands into almost continuous films with a thickness of 3 ML, as one can see from Fig. 1(h) . It is interesting to note that the growth morphology and thermal stability for Fe, Gd, and Dy on graphene at a coverage range of 2-4 ML studied in this Rapid Communication are similar to preliminary results for Gd, Fe reported in Ref. 15 .
In order to gain more understanding of the experimental observations and predict the thermal stability of metal islands on graphene, we have performed systematic first-principles total energy calculations to study the adsorption properties of 3d transition metals, group 10 transition metals, noble metals, as well as rare earth metals on graphene. Although the details of the growth morphology would be dependent on many energetic and kinetic factors, it is plausible to argue that the dimensionality aspect of the metal island growth [i.e., two-dimensional (2D) or three-dimensional (3D) growth] is mainly governed by the ratio of the adsorption energy to the bulk cohesive energy (E a /E c ) of the metal. For a large E a /E c , the incoming metal adatoms will have a large probability to stick to graphene and the growth will likely be 2D at low coverages. On the other hand, 3D growth will take place if the ratio E a /E c is small, since in this case it would be energetically favorable for the metal adatoms to be incorporated into the top of the island instead of sticking to the graphene substrate.
While the issue of 2D or 3D growth is governed by E a /E c , the thermal stability of the metal islands on graphene against coarsening can be related to the difference between the bulk cohesive energy and adsorption energy of the metal, i.e., E c − E a . Such an energy difference can be considered as a barrier for atoms to detach from the islands to the graphene layer under quasiequilibrium conditions. For a metal with small E c − E a , coarsening of the metal islands on graphene will likely take place because atoms can be easily detached from the small islands and diffuse on the graphene lattice to join other islands. On the other hand, larger E c − E a will require a higher temperature for metal atom desorption from the islands and the metal islands will be more stable. Therefore, by studying the adsorption energy of metal adatoms on graphene, we can acquire very useful fundamental information about the growth dimensionality and the thermal stability of metal nanostructures on graphene.
The first-principles calculations are performed based on the density functional theory (DFT) with the generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) 16 implemented in the Vienna ab initio simulation package (VASP) code, [17] [18] [19] including spin polarization and dipole moment corrections. 20 Valence electrons are treated explicitly and their interactions with ionic cores are described by projector augmented wave (PAW) 21, 22 pseudopotentials. The wave functions are expanded in a plane wave basis set with an energy cutoff of 600 eV.
The adatom/graphene system is modeled by having one adatom in a 4 × 4 or 6 × 6 parallelogram graphene supercell and with periodic boundary conditions. The primitive cell of graphene is a parallelogram with two carbon atoms. The lattice constant obtained from the first-principles calculation is 2.46Å, which agrees well with the experimental value. The dimension of the supercell in the z direction is 15Å, which allows a vacuum region of about 12Å to separate the atoms in the supercell and their replicas. The calculations are performed for adatoms positioned on graphene at the top of a carbon atom, labeled the top (T ) site, at the middle of a carbon-carbon bond, labeled the bridge (B) site, and at the hexagonal center site, labeled the hollow (H ) site, respectively. A k-point sampling of 6 × 6 × 1 or 4 × 4 × 1 Monkhorst-Pack grids in the first Brillouin zone of a supercell of 4 × 4 or 6 × 6, respectively, and a Gaussian smearing with a width of σ = 0.05 eV are used in the calculations. All atoms in the supercell are allowed to relax until the forces on each atom are smaller than 0.01 eV/Å. The supercell dimensions are kept fixed during the relaxation. The adsorption energy E a is defined as the difference between the energy of the relaxed adatom/graphene system and that of the isolated perfect graphene sheet and an isolated adatom. To minimize the error in the adsorption energy calculations, the energies of the isolated perfect graphene sheet and an isolated atom are also calculated by using the same supercell, plane wave basis, and k-point sampling as those in the calculations for the adatom/graphene systems. 13, 14 We have tested the convergences of the energies with respect to the energy cutoff, size of the unit cell (see also Figs. 3 and 4 below), and k-point sampling, and found that the calculation setting specified above is sufficient within an error of about 5%.
We note that van der Waals corrections are not included in this study. For systems with double or more layers of graphene, contributions from van der Waals interactions would The results from the calculations using 4 × 4 (green circles) and 6 × 6 (red triangles) supercells are compared. be important. In the present study, the calculations are done for a single adatom on a single layer free-standing graphene. Therefore van der Waals corrections would not be important. Moreover, most metal adatoms interact with graphene through ionic or covalent bonding which is much stronger than van der Waals interactions, so that the van der Waals corrections can be neglected. There are some metals (e.g., Ag, Au) that interact very weakly with graphene. For these metals, van der Waals corrections may affect the adsorption energy and diffusion barrier, but the overall interactions should be weaker than other metals. Therefore the overall trend for different metal adsorption on single layer graphene should be similar regardless of the van der Waals corrections. We also note that our calculations are performed on a free-standing graphene sheet, and thus the effects of the substrate should be considered if the calculation results are to be compared with experimental observations. For graphene grown on metal surfaces, the effects of the substrate on the morphology of the metal islands on graphene would be significant. However, for graphene on a Si-terminated SiC surface, as in the case of our present experiment, the interaction between the graphene and substrate is very weak and the effects of the substrate are negligible.
Using the adsorption energy E a from our calculation and the bulk cohesive E c from Ref. 23 , the ratio of E a /E c for various metals on graphene is shown in Fig. 3 . We can see that almost all metals (except Nd and Sm) have an E a /E c ratio smaller than 0.5. In particular, the E a /E c ratios for Cr, Mn, Cu, and Au on graphene are extremely small. These results suggest that most of the 3d and group 10 transition metals, noble metals, and rare earth metals on graphene will favor a 3D growth mode. In addition, Cr, Mn, Pd, Cu, Ag, and Au adatoms on graphene exhibit very small diffusion barriers. Therefore, kinetically limited growth would result in relatively large island sizes and small island densities even below room temperature. On the other hand, a high island density and a smaller island size should be expected for other metals on graphene, especially for Fe, Co, Ni, Pt, and Gd.
In order to estimate the thermal stability of the metal islands on graphene, we calculated the energy difference between the bulk cohesive energy and adsorption energy, i.e., E c − E a for each metal, respectively. The results are plotted in Fig. 4 . Both transition metal and noble metal islands on graphene exhibit large E c − E a , and thus much high thermal stability against coarsening and desorption. For rare earth metal nanostructures on graphene, the thermal stability is also reasonably high, especially for Gd and Dy on graphene. High thermal stability of the metal nanostructures is desirable for surface-supported catalysis applications. Our present study suggests that graphene-supported transition and noble metal nanostructures should be a good system for catalysis from a thermal stability point of view.
The predications of growth dimensionality and thermal stability from our first-principles calculations agree well with our experimental observations. In the experiment discussed above, 3D islands have been formed and there is no layer by layer growth. The Fe, Gd, and Dy islands are also stable upon annealing. This is because most metals exhibit a small E a /E c ratio and large value of E c − E a , as predicted from our first-principles calculations. For example, an Fe adatom on graphene has a low E a /E c = 0.2 ratio and a large value of E c − E a = 3.43 eV, which will favor a 3D growth with a high island density and a high thermal stability. Gd also has a lower E a /E c = 0.4 ratio and a large value of E c − E a = 2.53 eV, which should also favor 3D growth and high thermal stability. Consistent with our calculation results that the value of E c − E a = 1.57 eV, the thermal stability of Dy on graphene is smaller than that of Fe and Gd. According to our calculation results, the thermal stability of Eu on graphene should be low since E c − E a = 0.96 eV is even smaller, which is also consistent with experimental observations. In summary, by using first-principles calculations to investigate the fundamental interactions between metal adatoms and graphene, we predict that metals with unfilled d shells Fe, Co, Ni, Pt, and Gd on graphene would exhibit 3D growth with high island densities. These metal nanostructures on graphene should be stable against coarsening and desorption even at high temperature. The remarkable properties of these metal nanostructures on graphene would make them suitable for efficient surface-supported catalysis applications. The predictions from the calculations are supported by our STM experimental studies.
